Large scale atmospheric oscillations are known to have an influence on waves in the North Atlantic. In quantifying how the wave and wind climate of this region may change towards the end of the century due to climate change, it is useful to investigate the influence of large scale oscillations using indices such as the North Atlantic Oscillation (NAO: fluctuations in the difference between the Icelandic low pressure system and the Azore high pressure system). In this study a statistical analysis of the station-based NAO index was carried out using an ensemble of EC-Earth global climate simulations, where EC-Earth is a European-developed atmosphere ocean sea-ice coupled climate model. The NAO index was compared to observations and to projected changes in the index by the end of the century under the RCP4.5 and RCP8.5 forcing scenarios. In addition, an ensemble of EC-Earth driven WAVEWATCH III wave model projections over the North Atlantic was analysed to determine the correlations between the NAO and significant wave height (H s ) and the NAO and extreme ocean states. For the most part, no statistically significant differences were found between the distributions of observed and modelled station-based NAO or in projected distributions of the NAO.
Introduction
The Northeast Atlantic possesses an energetic and variable wind and wave climate which has a large potential for renewable energy extraction; for example along the western seaboards off Ireland as discussed in Gallagher et al. (2013 Gallagher et al. ( , 2016c and Atan et al. (2016) . The role of surface winds in the generation of ocean waves means that global atmospheric circulation patterns and wave climate characteristics are inherently connected. Several studies have identified strong correlations between the Atlantic wave climate and teleconnections such as the North Atlantic Oscillation (NAO) and the East Atlantic teleconnection pattern (EA) (Barnston and Livezey, 1987) ; both at Atlantic basin scale Swail, 2001, 2002) and for the Northeast Atlantic region (Charles et al., 2012; Bertin et al., 2013; Dodet et al., 2010; Atan et al., 2016; Santo et al., 2016a) . Le Cozannet et al. (2011) carried out a regional study using the ERA-40 dataset (Uppala et al., 2005) to drive the WAve Model (WAM) for the Bay/Gulf of Biscay (west of France) and also found a strong influence of the NAO/EA on the wave climatology in that region. The East Atlantic Western Russian (EAWR) pattern and the Scandinavian pattern are other modes of Northern Hemisphere atmospheric variability, and along with the EA have a weaker influence on the North Atlantic than the NAO (Santo et al., 2016b) . For the purpose of the study presented in this paper, we focus on the NAO which is the most important North-Published by Copernicus Publications. 24 E. Gleeson et al.: Extreme waves in the North Atlantic Ocean ern Hemisphere mode of variability (Greatbatch, 2000 ; van Loon and Rogers, 1978; Hurrell, 1996) . In addition, it is associated with changes to the westerly winds across the Atlantic and hence to the wave climate. In particular, variations in its amplitude and phase manifest themselves in changes to the frequency and intensity of blocking patterns and the position and intensity of the Atlantic storm track (Scherrer et al., 2006) . During the positive phase of the NAO the pressure gradient over the North Atlantic increases due to strengthening of the Icelandic Low and Azores High. Stronger westerly winds, associated with the increased pressure gradient, also generate larger waves. On the contrary, a negative NAO phase is associated with a weaker pressure gradient over the North Atlantic and slacker westerly winds.
The NAO index is sensitive to the method used in its definition. It is most commonly defined as the difference between mean sea-level pressure (MSLP) anomalies in the Icelandic Low and Azores High action regions. Stykkisholmur, Reykavik or Akureyri (all in Iceland) are commonly used for the specific locations in the Icelandic Low and Ponta Delgada (Azores), Lisbon (Portugal) or Gibraltar for the Azores High (Hurrell, 1996; Pokorná and Huth, 2015) . The stationbased NAO index can thus be calculated using station observations or gridded reanalysis datasets (using the nearest grid point to the location of interest or some weighted average). In the case of the latter, 500 hPa geopotential height is also often used in place of MSLP. As well as basing the index on fixed locations, it can also be defined using the location of the centres of both pressure regions (Icelandic Low and Azores High), which change with time (Hameed and Piontkovski, 2004 ). An alternative approach for the calculation of the index involves principle component analysis (PCA). Gridded, rather than station, data are required where either MSLP or 500 hPa geopotential height may be employed. A PCA of the leading Empirical Orthogonal Function (EOF) of MSLP/500 hPa height anomalies over the North Atlantic region spanning 20-80 • N and 90 • W-40 • E is used to calculate the NAO time-series. Either correlation or covariance matrices can be used with this method and the EOFs may or may not be rotated. The PCA method is particularly sensitive to the spatial domain and time period used. Dommenget and Latif (2002) showed that patterns derived from EOFs may be misleading at times and not associated with climate physics. Gallagher et al. (2014) identified a strong link between the station-derived NAO and significant wave height (H s ), wave period and peak direction for winter and spring off the west coast of Ireland where WAVEWATCH III (Tolman, 2014) , driven by ERA-Interim data, was used to derive the wave climatology. The influence of the EA, while significant, was much smaller, and mostly affected waves off the southern half of Ireland in autumn and winter. In a separate study Gallagher et al. (2016a, b) showed that an EC-Earth (Hazeleger et al., 2010 (Hazeleger et al., , 2012 driven WAVEWATCH III ensemble of wave projections indicates an overall decrease in the mean and 95th percentile of H s in summer and winter around Ire-land by the end of the 21st century. Further details on the EC-Earth global atmosphere/ocean/sea-ice coupled model and WAVEWATCH III spectral numerical wave model are provided in Sect. 2. The study presented here expands on Gallagher et al. (2014 Gallagher et al. ( , 2016a and focusses on the influence of the NAO on extreme sea states in the North Atlantic and how this may change in the future. This is important because phenomenal sea states (H s > 14 m) have been regularly reported off the west coast of Ireland Gleeson et al., 2013; Clancy et al., 2015 Clancy et al., , 2016 O'Brien et al., 2013) .
It is important to point out that there is still considerable uncertainty in projected changes in the frequency and intensity of extratropical cyclones over the North Atlantic (Ulbrich et al., 2009; Woollings et al., 2012) which directly impacts on projections of the wave climate. As a result, there is also substantial uncertainty in projected changes to Northern Hemisphere winter storm tracks, especially in the North Atlantic basin (Church et al., 2013) , as a result of factors including horizontal resolution (Colle et al., 2013) , the Atlantic Meridional Overturning Circulation (Woollings et al., 2012) and the zonal jet and Hadley circulation (Zappa et al., 2013) .
The paper is organised as follows: Sect. 2 provides details about the EC-Earth and WAVEWATCH III models used in this study and a summary of their validation is given in Sect. 3. In Sect. 4 the results are presented and discussed. We conclude the findings of this study in Sect. 5.
Models and datasets
The EC-Earth global climate model and WAVEWATCH III wave model were used to generate the atmospheric and wave datasets used in this study. A third datatset, the National Centre for Atmospheric Research (NCAR) NAO station-based time-series was also used. Details regarding the models and datasets are provided in this section.
The EC-Earth global climate model (version 2.3) used in this study consisted of an atmosphere-land surface module coupled to an ocean-sea ice module (Hazeleger et al., 2010 (Hazeleger et al., , 2012 . The atmospheric component of the model was based on the European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting System cycle 31r1 with T159L62 spectral resolution (corresponding to 1.125 • or approximately 125 km) and 62 vertical layers up to 5 hPa. The Nucleus for European Modelling of the Ocean version 2 was used for the oceanic component (Madec, 2008) with an average horizontal resolution of 1 • (approximately 110 km) and 42 vertical levels. The sea-ice component was the Louvain-la-Neuve Sea Ice Model (LIM) version 2 (Fichefet and Maqueda, 1997) . The Ocean Atmosphere Sea Ice Soil coupler (OASIS) version 3 (Valcke, 2006 ) was used to couple the atmosphere-land surface module with the ocean-sea ice module.
WAVEWATCH III is a third-generation "phase-averaged" model based on a stochastic representation of the sea sur- face solving the wave-action balance equation (Komen et al., 1996) . The evolution of the wave energy spectrum (or variance density spectrum) in the presence of currents and bathymetry is described through the conservation of action density (advection and refraction), which is balanced by source terms (Janssen, 2008) . The source terms correspond to physical processes such as the generation of waves by wind, dissipation (white-capping and bottom friction) and nonlinear wave-wave interactions.
The 10 m wind speeds and sea-ice fields from an ensemble of EC-Earth global climate projections (Gleeson et al., 2013) were used to drive an ensemble of nested regional wave projections over the North Atlantic using the WAVE-WATCH III model (see Fig. 1 ). This was done in order to estimate how climate change might affect the wave climate and wave energy resource around Ireland and the North Atlantic. The outermost WAVEWATCH III grid was a regular grid of 0.75 • × 0.75 • resolution over the North Atlantic; the second grid covered part of the Northeast Atlantic on a 0.25 • × 0.25 • regular grid and the innermost grid centred around Ireland was unstructured with a resolution of approximately 15 km at the grid boundaries increasing to 1 km in the nearshore. The North and Northeast Atlantic grids were twoway nested, whereas the innermost grid was run separately using the wave spectra output from the second grid to force the innermost grid 3 at its boundaries. Grid 3 was constructed using an unstructured grid formulation (Roland, 2008) . Further details on this set-up can be found in Gallagher et al. (2016a) .
The EC-Earth historical simulations span from 1850 to 2009 and include observed greenhouse gas and aerosol concentrations, including volcanic eruptions. The future simulations ran from 2006 to 2100 where the RCP4.5 and RCP8.5 climate scenarios developed for CMIP5, the Coupled Model Intercomparison Project 5 (Taylor et al., 2012) , were applied. To generate the wave datasets, 3 of the 14 EC-Earth ensemble members were used; these were representative of the spread of the EC-Earth ensemble. This is because the EC-Earth ensemble does not have a very large spread in terms of mean annual wind speeds and the three chosen ensemble members cover the range of interannual variability of the winds.
Each member consists of an historical simulation and 2 future simulations (RCP4.5 and RCP8.5) and are denoted meiX, me4X and me8X where X = 1, 2, 3 denotes the ensemble member. WAVEWATCH III simulations were run for the following 30-year periods: 1980-2009 and 2070-2099 for each available EC-Earth ensemble member. The comparisons referred to hereafter are between the future period 2070-2099 and the historical period 1980-2009.
The final dataset used in this study is the monthly observation station-based NAO index by NCAR which was computed using MSLP data recorded in Reykjavik (Iceland) and Ponta Delgada (Azores) and is based on Hurrell (1996) . In this case, for each month each station's raw data are normalised separately by the 1864-1983 long term mean; the NAO station index is then the difference between the Reykjavik and Ponta Delgado normalised values.
EC-Earth and WAVEWATCH III validation and projection summary
A full validation of means and extremes of EC-Earth surface winds and WAVEWATCH III H s is presented in Gallagher et al. (2016a) . The EC-Earth and WAVEWATCH III data capture wind/wave extremes well for the period 1981-2009 compared to ERA-Interim and an ERA-Interim driven wave hindcast, which was independently validated using wave data from 11 buoys located around the coast of Ireland. The EC-Earth RCP4.5 and RCP8.5 projections show an average decrease in mean 10 m wind speeds over the North Atlantic Ocean for each season, greater under RCP8.5 than RCP4.5 (Gallagher et al., 2016a, b) . They also suggest decreases in wind extremes (e.g. a 14 % decrease in the 95th percentile of 10 m wind speed in winter under RCP8.5, see Fig. 2 ) and an overall decrease in storminess, defined as depressions with a core pressure < 990 hPa crossing an area around Ireland (50-57 • N, 3-13 • W). This is consistent with the decrease in the Arctic to Equator temperature gradient at low levels of the atmosphere. In agreement with the wind projections, the WAVEWATCH III projections show overall decreases in annual and seasonal mean H s over the North Atlantic by the end of the century (up to 10 % in winter and up to 15 % in summer) and up to 15 % decreases in the 90th and 95th percentiles of H s (Gallagher et al., 2016a) .
Projected changes in the 95th percentile of H s for winter for each RCP4.5 and RCP8.5 ensemble member are shown in Fig. 3. In this figure (a) shows the ensemble mean H s for the meiX ensemble members for the period 1980-2009, (b)-(d) show the projected percentage change in the 95th percentile of winter H s for each me4X while (e)-(g) show the corresponding changes for each me8X. The ensemble mean H s for the meiX ensemble members is shown, rather than individual members, and is included in order to give context to the projected changes. The 95th percentile of H s is projected to decrease in most coastal areas around Ireland. The increase in the 95th percentile of H s in the Irish Sea for me41 is dubious because the coarse resolution of the EC-Earth simulations (125 km) is of the same order of magnitude as the extent of the Irish Sea which acts much like a closed basin as regards wave modelling, with local wind-seas dominating the wave climate (Gallagher et al., 2014) . The projected decreases off the west coast of Ireland are not statistically significant in me41 and me83 (lack of hatching in these areas in Fig. 3 ) and indicate that there is still uncertainty in the projections of higher percentiles.
Analysis and results

North Atlantic Oscillation (NAO)
There are many ways to describe the temporal evolution of the NAO index. The most popular and simplest method involves calculating a station-based NAO index, as discussed in Sect. 2. This method was also applied to the EC-Earth meiX historical simulation data and me4X and me8X RCP4.5 and RCP8.5 projection data. As for the observation data monthly indices were computed for each of the three EC-Earth ensembles. Note that the future projection data were normalised using the 1864-1983 data from the corresponding historical simulation. MSLP values at Reykjavik and Ponta Delgado were extracted from the EC-Earth MSLP gridded fields using the nearest neighbour remapping algorithm (remapnn) available in the CDO (Climate Data Operators: Schulzweida et al., 2006) package.
Histograms of the distribution of monthly mean NAO index (using the months of December, January, February and March; DJFM or winter hereafter and chosen because winds are stronger and wave heights are larger during these months) covering 30-year historical/future periods are shown in Fig. 4 where the observed NAO and NAO based on the EC-Earth meiX historical simulation are for the period 1980-2009 while the EC-Earth projection data (me4X and me8X) are valid for the period 2070-2099. Each distribution thus comprises of 120 data points. At the α = 0.05 significance level two-sample Kolmogorov-Smirnov statistical tests on the data suggest that there is no difference between the mei1 and mei3 NAO distributions and the NAO based on observations other than chance variation but that the mei2 distribution is different. The p value for mei2 is quite close to 0.05 which justifies our inclusion of this ensemble member in the rest of the study. This also provides confidence in using the station-based NAO computed using EC-Earth data, which is only available on a coarse 125 km grid. The same test, pairing each historical ensemble member meiX with its corresponding me4X and me8X distributions, suggests that in all cases except mei3/me43 there are no statistical differences between the distributions at the α = 0.05 level.
The observed and modelled DFJM station-based NAO indices for the two 30-year periods discussed above were used in the analysis presented in Sects. 4.2 and 4.3 below. Figure 5 shows the Spearman rank correlation coefficient between the station-based NAO index and the 95th percentile of H s for DJFM for the historical period (1980 to 2009) and the period 2070-2099 under RCP4.5 and RCP8.5 for each ensemble member. Previous studies have shown a strong correlation between NAO and H s for the present wave climate off the west coast of Ireland (Gallagher et al., 2014) , and for more extreme wave heights in the Northeast Atlantic and North Sea regions (Santo et al., 2016b) . This is consistent with Figure 5a -c which shows the strong positive correlation coefficient, by ensemble member, between NAO and H s averaged over the historical period. A strong positive correlation was also found under the RCP4.5 and RCP8.5 scenarios (Fig. 5d-i) , slightly stronger under the RCP4.5 scenario.
NAO versus H s
In general, the correlation increases off the west coast of Ireland under both RCP scenarios relative to the historical period, with the exception of me81, which shows a reduction in correlation south of Ireland. The influence of the NAO loses significance in southern parts of the model domain in each of the ensemble members (historical and future periods), and is strongest to the west and northwest, as can be seen in all panels in Fig. 5 . There are large areas to the west and northwest of Ireland showing a correlation coefficient of over +0.7 (significant at the α = 0.05 level). Contrary to this, a small area to the east of Scotland shows a negative correlation between NAO and the 95th percentile of H s , present in each of the historical realisations. This may be because this area is close to the WAVEWATCH III domain boundary. Overall, the influence of the NAO on the wave climate of the Northeast At- lantic for DJFM is statistically significant. The next Sect. 4.3 deals with extreme winter sea states in relation to the NAO.
NAO versus extreme waves
In this section we examine the effect of the NAO on the most extreme winter sea states, by fitting the Generalised Extreme Value (GEV) distribution to the simulated H s data on the second grid shown in Fig. 1b covering part of the Northeast Atlantic. The GEV models the maxima of blocks of data; for a full introduction, see Coles (2001) . Here we consider monthly maxima of H s for the DJFM months and fit the GEV using maximum likelihood (ML) inference with the R package ismev (https://CRAN.R-project.org/package=ismev).
The GEV distribution function contains three parameters and is given by
where −∞ < ξ < ∞ is known as the shape, −∞ < µ < ∞ is the location and σ > 0 is the scale. Once the parameters have been fitted to the data, we may invert the distribution to find N-year return levels; that is, the value of H s which we expect to be exceeded once every N years. The approximate normality of the ML estimate can then be used to derive confidence intervals for the return levels (cf. chap. 2 of Coles, 2001 , for full discussion of the delta method). While the theoretical basis for the use of the GEV assumes a stationary distribution, it is common practice to allow some of the parameters to be non-constant. For example, long-term trends in extremes may be studied by including a linear dependence in time (e.g. Caires et al., 2006) and seasonality effects may also be incorporated (Clancy et al., 2015; Izaguirre et al., 2011) . Other covariates may also be included. In Izaguirre et al. (2011) , various climate indices were used as linear covariates for the location parameter in order to examine interannual variability of wave extremes.
We adopt a similar, but more general, approach here and include the monthly NAO index as a covariate in both the location and scale parameters. We now have µ(t) = µ 0 + µ NAO NAO(t), where µ 0 and µ NAO are constants determined by the ML fit to the data. To ensure a positive shape, we reparameterise with φ = log σ and allow φ(t) to vary with NAO in the same way as µ(t). The shape parameter is kept constant throughout. Other relationships and covariates could be explored in future work.
The model outlined above was fitted to each of the three ensemble members in the historical and future scenarios, for the domain covered by the second grid. Return levels are now a function of the NAO index and may be plotted for a given value. To investigate the influence of a positive NAO index on extremes of H s suggested in the previous section, we choose to compare a neutral (NAO = 0) and medium-strong positive value of 2. In Fig. 6 we present 20-year return levels, showing the historical, RCP4.5 and RCP8.5 ensemble means. The panels on the left of Fig. 6 show the 20-year return levels for an NAO of zero, while the middle panels show the return levels for the positive phase where NAO = 2. On the right is the difference between the two.
We first consider the left-hand column, that is, when the NAO index is zero. We find mostly a decrease in return levels in the seas to the west of Ireland for both future scenarios, when compared with the historical. This is consistent with the general decreasing trend found in mean winter sea states in Gallagher et al. (2016a, b) and in Fig. 3 which shows the projected changes for the 95th percentile of H s . However, the middle column in Fig. 6 suggests that the NAO can exert a strong influence and change this pattern. Much like the strongly positive correlation between the NAO and the 95th percentile of H s shown in Fig. 5 , in general we see that the increase in NAO results in an increase in the values of extreme H s , particularly to the west and north-west of Ireland and Scotland. In the historical hindcast (top row of Fig. 6) , we see increases due west of Ireland of roughly 0.5 m to almost 2 m. This is broadly consistent with Izaguirre et al. (2011): using satellite data with a much coarser resolution, they report an increase of up to 0.75 m for each unit of positive NAO in the North East Atlantic.
Much spatial variation can be seen under the climate change scenarios. Under RCP4.5 the NAO influence is strongest to the north-west of Scotland, whereas this occurs further south, closer to the north-west of Ireland, under RCP8.5. From the differences shown in the right-hand column, we find regions in the south of the domain where the NAO exerts little influence and even, particularly in the historical hindcast, where the effect is reversed; i.e. the increased NAO decreases the expected return levels.
Next we focus on three specific locations, with coordinates (12.5 • W, 54 • N), (9 • W, 48 • N) and (25 • W, 59 • N) marked as 1, 2 and 3 in Fig. 6 . In Fig. 7 we show the 20-year return levels of H s for each as a function of the NAO index, along with the lower and upper bounds of the 95 % confidence intervals for the estimates. Despite some differences between the various locations, the NAO can be seen to have an influence on these winter extremes, with positive phases increasing and negative phases decreasing the 20-year return levels.
Again, we see clearly that the strength of this influence varies geographically and also between the historical and future scenarios. At the first location at the top of Fig. 7 , for example, we find that the extremes are expected to decrease in the future for negative or small positive NAO values. However, in the RCP8.5 scenario, a strong positive phase of the NAO is predicted to amplify the extremes beyond what would have been historically expected. On the other hand, this is not the case at the third location (bottom panel of Fig. 7 ).
Conclusions
We analysed time-series of the station-based NAO index computed using an ensemble of global EC-Earth climate projections and the influence of this index on regional wave projections over the North Atlantic. With the exception of me43 no statistically significant changes were found in the distribution of the index derived from projections for the end of the century relative to the historical period 1980-2009. The 95th percentile of H s in the Northeast Atlantic is strongly positively correlated to the NAO, with the strongest correlations (> 0.7) found to the west and northwest of Ireland. The correlation is generally higher for the future period 2070-2099 under RCP4.5 and RCP8.5 relative to the historical period. For each of the 6 future wave projections (3 × RCP4.5 and 3 × RCP8.5 scenarios), the strong influence of the NAO on the wave climate of Ireland persists to the end of the century.
In order to examine extreme sea states, we fitted a nonstationary Generalised Extreme Value distribution to the datasets. The resulting 20-year return levels of H s show an important influence from the NAO covariate. During periods of neutral NAO index, we may expect future extremes to be reduced when compared with the historical period. However, there may be a strong enhancement of extremes by the NAO, with high positive values of the index leading to higher winter return levels. This amplification shows a significant spa-tial variation, with a much stronger effect seen, for example, to the north-west of Scotland. This suggests a possible future extension of this work with the use of a more sophisticated spatial model of extremes (e.g. Clancy et al., 2016) .
The work can be further expanded by generating a larger multimodel (both in terms of the forcings and the wave model) ensemble and an ensemble of higher resolution e.g. using CMIP6 simulation data. Recent studies, for example by Wang et al. (2015) , have shown that for projections in H s different climate models can simulate significantly different responses to the RCP4.5 and RCP8.5 scenarios. Moreover, the intermodel uncertainty can be much greater than that of the RCP scenario responses. This demonstrates the need for a multimodel approach in the future. Any further assessment of the future wave climate of Ireland should be expanded to use a coupled atmosphere-wave-ocean numerical model to capture atmospheric and wave-current interactions on extreme sea states. A better understanding of storm track dynamics is also needed in order to improve future models, and hence wave climate projections. A wide range of teleconnection patterns could also be investigated, as well as investigating the influence of the definition of the teleconnections (e.g. station-based versus PCA definition of the NAO) on the results.
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